INTRODUCTION
and mortality in Plasmodium falciparum-infected individuals. The role of cytokines in the induction of CM in the murine model has been well documented, but most studies have been restricted to the peak of neurological manifestations. Here we used a sequential approach to Cerebral malaria (CM) is a frequently fatal complication compare mice that developed CM with those that developed no cerebral of Plasmodium falciparum infection in man (WHO 1994) . . 1989) . Murine CM has been shown to be due not to the ence were the most expressive histopathological events and were not restricted to brain vessels, (e) blood levels of TNF are not indicative infection itself, but rather a consequence of a strong immune of the local tissue reaction, (f) adhesiveness of monocyte/endothelial reaction by the host and the release of cytokines (Clark and cells fluctuate during infection and is dissociated from the lymphocyte Rockett 1994; Clark et al. 1997; Finley et al. 1982; Grau homing to the liver, and (g) pulmonary megakaryocytosis (megakaryoet al. 1987, 1989 TNF detection. Plasma TNF levels were measured using the bioits association with development of CM nor has there been logical assay with WEHI 164 cells, as described by Espevik and Nissena sequential and integrated view of the infection and its Meyer (1986) survivors) were used as reference for differences between "lower than" (Ͻ) 8 pg/ml; and values over 60% lysis were assigned as "greater than" (Ͼ) 8 pg/ml. Levels of TNF were then classified as this group and the mice that had developed CM. Observafollows: undetectable (below 25% lysis), low (Ͻ64 pg/ml), intermeditions arising from these approaches have provided new inate (Ն64 Ͻ 128 pg/ml), or high (Ն128 pg/ml).
sights on the understanding of CM pathogenesis in this histopathological changes. Among the remaining 61 mice, Experimental design. A total of 32 infected mice were examined, on the following days after infection: 3 (10 mice), 6 (2 mice), 7 (8 the appearance of the first synchronic schizogony;(b) days were intense and similar in all animals on days 6-8. Hemorrhages and vascular plugging were topography indepen-3-4 to days 6-7, progressive increase in parasitemia and the appearance of a second wave of merozoite release, with dent-that is, hemorrhages were not necessarily adjacent to congested vessels. None of the infected mice studied on day development of CM; and (c) days 7 to 10, a relatively stable parasitemia in surviving mice with development of anemia 3, and only 1 of 10 animals analyzed on day 10, had brain hemorrhages. This single affected mouse had a delayed para-(low hematocrit and presence of normoblasts in peripheral blood).
MATERIALS AND METHODS RESULTS

Animals
sitemia and the highest TNF levels compared to other infected mice assayed on day 10. The remaining 9 mice exam-TNF levels. Plasma TNF levels were determined in 15 noninfected control and 34 infected mice. None of the control ined on day 10 had monocyte-monocyte adherence that was more persistent than monocyte-endothelial cell adherence mice or infected mice examined on day 3 had detectable levels of TNF. The 15 mice with clinical signs of CM that and had some but much lower intravascular congestion than in those observed on days 6-8. were assayed for TNF (11 mice on day 6; 2 on day 7; and 2 on day 8) had intermediate (6 mice) to high (9 mice)
Histopathology of the liver. Malarial pigment in Kupffer cells was detectable on day 3 as was an incipient mononulevels. In the 6 mice without clinical signs of CM that were assayed on day 7, the TNF levels varied from undetectable clear cell adhesion to the vascular endothelium in some animals. On days 6-8, the adhesion of pigment-containing (1 mouse) to low (1 mouse), intermediate (3 mice), or high (1 mouse) levels. Mice examined on day 10 had undetectable monocytes to themselves, to the endothelium, and among themselves was remarkably intensified, forming true intra-(4 mice), low (2 mice), or intermediate (2 mice) levels.
Histopathology of the central nervous system. Although vascular networks ( Fig. 1(3) ). Kupffer cells were hypertrophic and heavily pigmented; lymphocytes, pigment-cononly 6 had clinical signs of CM, all 12 mice examined on days 6-8 had histopathological changes in cerebrum and taining monocytes, and mainly erythroid cells were present in enlarged sinusoids, forming cell clusters ( Fig. 1(4) ). Two cerebellum. The mean size of individual hemorrhagic areas ranged from 1210 to 9033 m 2 (total mean ϭ 2670 Ϯ 2205 of 12 mice had periductal portal infiltrates by mononuclear cells. The cytoplasm of many hepatocytes was microvacuom 2 ). When comparing mice with or without clinical signs of CM, data were as follows in each group: (a) hemorrhagic lated. On day 10, infected mice showed triaditis by small, medium, and large lymphocytes, with occasional formation areas measured 3922 Ϯ 3061 and 1776 Ϯ 658 m 2 , affecting from 0.06 to 0.93% (median: 0.19%) and from 0.02 to 0.25% of lymphoid nodules without germinal centers and clusters of plasmacytes ( Fig. 1 (5) ). Intrasinusoidal lymphoid clusters (median: 0.04%) of the total cerebral area; (b) areas larger than 2000 m 2 accounted for 23-61% (median: 40%) and were often observed, sometimes with activated lymphocytes. Sinusoids and portal lymphatic vessels were enlarged. Pigfrom 19 to 55% (median: 28%) of all hemorrhages; (c) number of hemorrhages/mm 2 ranged from 0.33 to 2.18 (mement-containing Kupffer cells were more hypertrophic than on days 6-8, and the pigment granulation was rougher. dian: 0.65) and from 0.13 to 2.05 (median: 0.16), in mice with or without CM, respectively. The number and size of Monocyte adhesion was much less intense in all but one animal, which also presented cerebral lesions. Megakaryohemorrhagic areas did not correlate with the TNF levels, although there was a tendency for such a correlation by cytes were occasionally found in sinusoids.
Histopathology of the lungs. Lungs collected on day 3 grouping individual data, and the mouse which presented the largest hemorrhagic area showed the highest level of from uninfected and infected mice were similar. By days 6-8, lungs from infected mice had intense adhesiveness of TNF. Qualitative histopathological findings included (a) several perivascular or laminated microhemorrhagic areas pigment-containing monocytes and, to a lesser degree, of neutrophils, to the endothelium. Ten of 12 infected mice mainly in cerebellum and in olfactory brain ( Fig. 1 (1) ), (b) subarachnoid hemorrhages, and (c) perivascular edema with showed intraalveolar macrophages and septal pneumonitis characterized by monocyte infiltrates, giving a compact asfew extravasated mononuclear cells. In addition, in some mice, damage of Purkinje cells and hippocampal neurons, pect to lungs. One animal had a diffuse pulmonary edema. On day 10, most infected animals had pulmonary changes vascular plugging by pigment-containing monocytes, and monocyte adherence to endothelial cells ( Fig. 1 (2) ), with similar to those observed on days 6-8, but leucocyteendothelial cell adhesiveness was less intense and all mice frequent intravascular mitotic figures and sometimes with small and activated lymphocytes were observed. Vascular had several megakaryocytes within capillary vessels ( Fig.  1(panel 6)) . Two of 10 mice showed intraalveolar edema. plugging and adherence of monocytes to endothelial cells DISCUSSION of CM. Although administration of anti-TNF antibodies prevent murine CM (Grau et al. 1987) , the demonstration in this study that plasma levels of TNF do not show a correlaCerebral malaria in humans and mice differ in many astion with either clinical signs or histopathological changes pects. In mice, vascular plugging by monocytes and high at the individual level in this same model supports the interlevels of TNF have been associated with CM. In humans, pretation that local levels of this cytokine, associated with postmortem histopathological findings reveal that parasitchanges such as vascular congestion, would be more imized erythrocytes rather than monocytes are sequestered in portant in determining the outcome of infection than sysbrain capillary vessels (Berendt et al. 1994) ; in addition, in temic levels (Jennings et al. 1997) . vitro data such as rosetting properties of some parasite iso-
The absence of hemorrhages in organs other than the brain lates (Chen et al. 1998 ) have been correlated with human and the topographic dissociation of congested vessels and CM. A role for TNF in human CM pathogenesis remains hemorrhages in the central nervous system suggest that the undetermined. Some studies suggest that patients with CM occurrence of hemorrhages is not due to a damage following have higher levels of circulating TNF and TNF receptors excessive pressure or other action of the plugging on the (Grau et al. 1992; Kern et al. 1992) , while others do not vessel walls, but could result from microendothelial damage show such a correlation (Yamada-Tanaka et al. 1996 ; Turner selectively affecting brain vessels. The mild changes in the et al. 1998). However, studies of the pathogenic mechanisms brains of infected mice that survived to day 10 remain undeand factors related to human CM are hampered by obvious termined, leaving the following two obvious hypotheses: (1) limitations, and the mouse model remains one of the few they developed acute changes and then, for unknown reaalternatives to study the pathogenesis of CM.
We have shown in this study that development of CM in sons, were able to recover or (2) for unknown reasons these P. berghei ANKA-infected CBA/J mice was associated with mice were protected from cerebral disease and never devela wave of merozoite release on days 6-7. Activation of the oped such alterations. immune system, mainly T cells, occurs early in the infection Although infected mice that survived to day 10 had an and, on days 6-8, there is a strong involvement of lymphoid absence of brain lesions, they did have an accumulation of organs, such as lymph nodes, spleen white pulp, and Peyer's mononuclear cells in the liver and a much smaller degree patches, and of cells of lymphoid and myeloid origin (data of monocyte adhesion to the endothelium, as well as a more not shown). These observations suggest that cytokines may organized reaction in secondary lymphoid organs, including have been released from the beginning of the infection and lymph nodes, spleen white pulp, and Peyer's patches (data led to a striking activation of the immune system. Even not shown). These characteristics might be related to the microglial cell activation has been observed early in infecdifferential expression of adhesion as well as other regulatory tion (Medana et al. 1996) . molecules, whose modulation could have profound effects In this study mice were analyzed in different and sequenon the outcome of the infection. The intense adhesiveness tial stages of infection, correlating quantitatively the histoof leucocytes, notably monocytes, to the endothelium of pathological changes, mainly hemorrhagic foci, with the microvessels and among themselves was particularly strikclinical status and plasma TNF levels. When comparing mice ing in the liver and lungs of animals examined on days 6-8. killed on days 6-8, we detected the following tendencies in
In the liver, adhesion was particularly intense and reflected those presenting clinical CM: (a) higher levels of TNF and the strong activation of monocytes and endothelial cells, the (b) hemorrhagic foci that were more frequent and larger former acquiring the aspect of macrophages and containing and occupied a higher percentage of the total cerebral area.
large quantities of malarial pigment. In peripheral blood, we However, the results showed that, due to individual variation, none of the parameters analyzed were absolute indicators have found only conventional monocytes without malarial 365-373. cytes to the liver, forming intrasinusoidal clusters and portal infiltrates, could lead to a more effective antimalarial imChen, Q., Barragan, A., Fernandez, V., Sundström, A., Schlichtherle, mune response, as suggested by Playfair and de Souza M., Sahlén, A., Carlson, J., Datta, S., and Wahlgren, M. 1998. Identification of Plasmodium falciparum erythrocyte membrane pro- (1982) . There is also the possibility that these clusters reflect tein 1 (PfEMP1) as the rosetting ligand of the malaria parasite only a chronologic phenomenon rather than a real difference P. falciparum. Journal of Experimental Medicine 187, 15-23. between the groups of mice killed on days 6-8 and on day 
